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Introduction

Amputations cause changes in both the PNS and CNS, including
the emergence of phantom limb sensations (PLS), characterized
by the feeling that the amputated limb is still present. Most ampu-
tees experience PLS and can even control phantom movements,
such as wiggling toes or opening and closing the hand, immedi-
ately after surgery (1, 2). The majority of amputees also experi-
ence intense episodes of pain throughout the missing limb that
are termed phantom limb pain (PLP), characterized by throbbing,
stabbing, electric shock sensations, and even cramped and pain-
fully immobile limb sensations (3).

A French surgeon, Ambroise Paré, was likely the first to doc-
ument an instance of PLP, in the 16th century (4), but the term
did not arise until the American Civil War, when it was described
by military battlefield surgeon (and later, neurologist) Silas Weir
Mitchell (5). Clinicians did not appreciate the high incidence
or pathophysiological basis of PLP until recently. They often
attributed PLP to psychological problems, especially during the
Civil War era (6, 7). During World War II, nearly 15,000 US ser-
vice members lost a limb during combat (8). Many amputees did
not publicly share their PLP experiences for fear of being stigma-
tized as mentally ill (7).

Approximately 1.9 million amputees live in the US, with
worldwide projections expected to double by the year 2050 (9).
Amputations are commonly a consequence of diabetes mellitus,
trauma, and cancer (9). Combat-related limb loss is also a frequent
cause of amputation: as of January 1, 2018, 1,718 US military ser-
vice members had lost at least one major limb in Iraq or Afghan-
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Following amputation, most amputees still report feeling the missing limb and often describe these feelings as excruciatingly
painful. Phantom limb sensations (PLS) are useful while controlling a prosthesis; however, phantom limb pain (PLP) is a
debilitating condition that drastically hinders quality of life. Although such experiences have been reported since the early
16th century, the etiology remains unknown. Debate continues regarding the roles of the central and peripheral nervous
systems. Currently, the most posited mechanistic theories rely on neuronal network reorganization; however, greater
consideration should be given to the role of the dorsal root ganglion within the peripheral nervous system. This Review
provides an overview of the proposed mechanistic theories as well as an overview of various treatments for PLP.

istan (10). The majority of amputees, but not all, experience PLP
to some extent, with varying degrees of severity, frequency, and
episode duration. PLP eventually dissipates or disappears in some,
while others report no change in frequency or severity (11). Esti-
mates of PLP incidence differ considerably, depending in part on
the sampled population as well as the methods of reporting and
data collection. In one large, frequently cited survey of amputees,
78% reported experiencing PLP (12).

Considered a neuropathic pain or “complex pain state of the
somatosensory nervous system” (13), PLP is thought to be driven
by CNS abnormalities. However, research investigating the con-
tribution of the PNS and its function also needs to be considered
(14). While the mechanisms underlying PLP remain unclear, it
is known that sensitized and reorganized nerve endings and cell
bodies within the peripheral limb affect the CNS, causing changes
in somatosensory processing pathways (15). PLP presents a con-
siderable impairment to amputees’ quality of life, and a better
understanding of its pathophysiology and etiology could lead to
new modalities to alleviate the suffering it causes. This Review
aims to provide up-to-date knowledge regarding the current state
of PLP theories, research, and therapies.

Mechanistic theories of PLP: CNS versus PNS

Researchers and clinicians continually debate the mechanisms of
PLP and the contributions of the CNS and/or the PNS. Currently,
the most commonly posited CNS theory is the cortical remapping
theory (CRT), in which the brain is believed to respond to limb loss
by reorganizing somatosensory maps (16). Early theories focused
solely on the contribution of neuromas (abnormal growth or thick-
ening of nerve tissue), although there was evidence of pain imme-
diately after surgery (17). More recent research on the peripheral
causes of PLP focuses on the inability of the severed nerves to


https://www.jci.org
https://www.jci.org
https://www.jci.org/128/6
https://doi.org/10.1172/JCI94003

The Journal of Clinical Investigation

REVIEW

Figure 1. Cortical contributions to PLS and PLP.
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are laid out in a pattern that forms the cortical
homunculus and receives sensory information
(e.g., tactile, olfactory, or pain) from different
areas of the body (24). Following amputation,

a cortical region that received sensory or motor
projections from the amputated limb may begin
to receive sensory or motor input, respectively,
from neighboring cortical regions, which expand
to take over the region that previously controlled
the amputated limb (27, 28). (B) Proprioceptive
memory, which stores information about the
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repair previous connections (with or without neuroma formation),
the role of the dorsal root ganglion (DRG), and preamputation pain
(18, 19). While an amputation directly affects the PNS, the CNS is
also affected due to changes in sensory and movement signaling.
Debate still remains over the cause and maintaining factors of
both phantom limbs and the associated pain.

Mechanistic theories of PLP involving the CNS
Neuromatrix representation. Many of the theories explaining the
causation of PLP rely on the concept of a representation of the self
within the brain that is modified by life experiences, termed the
neuromatrix (19). After limb amputation, an individual’s cortical
and peripheral body representations remain intact, but no longer
correspond, and this mismatch is enhanced by a lack of visual
feedback from the missing limb, thus generating excessive pain,
in spite of the lack of a sensory stimulus (20). A study investigat-
ing the relationship between body representation within a dream
and the experience of PLP found a positive correlation between
increased PLP after lower limb amputation and the ability to recall
intact body representations (21). These findings suggest that aver-
sive somatosensory experiences mediate the skewed interactions
between mental and physical body representations, which then
facilitate PLP (21).

Research investigating the malleability of the neuromatrix has
attempted to determine the ability of the brain to adjust to sen-
sory stimuli. An example is the rubber hand phenomenon, which
occurs when an able-bodied person perceives a rubber hand as his
or her own. To achieve this effect, the person’s own hand is hidden

position of the limb in space relative to the body,
may influence cortical reorganization in the CNS.
These memories may store information about
the final position of the missing limb or, in com-
bination with cortical reorganization, may affect
PLS or PLP. This image illustrates rapid changes
in cortical activation patterns that can occur
simply with repositioning of the phantom limb,
manifested as changes in the location of hand
sensations mapped onto the face.

from view, typically under a table, while a rubber hand is put in
front of his or her body (22). Both the rubber and the actual hands
are synchronously stroked with a brush, causing the person to per-
ceive the rubber hand as his or her own (22). To test rubber hand
incorporation into the neuromatrix, the researchers strike the rub-
ber hand with a hammer (23). Participants flinch in fear of pain,
even though the actual body part is unharmed (23), demonstrating
that the neuromatrix is rapidly malleable/adaptable and is greatly
affected by visual representations and somatosensory stimuli.

Although the rubber hand demonstration does not show that
conflicts within the neuromatrix cause pain, discomfort similar to
that experienced by amputees can be induced in able-bodied vol-
unteers by causing conflict between motor and sensory processes
(24). In another study, volunteers moved their upper and lower
extremities in a congruent or incongruent fashion while viewing
such movements in a mirror or with their view blocked by a white-
board. The majority of reported symptoms occurred while partici-
pants completed incongruent movements while viewing the reflec-
tion of the limb in the mirror, causing the most conflict between
motor and sensory processes. The symptoms reported included
numbness, pins and needles, aching, and uncomfortable pain (24),
demonstrating that conflicts among visualization, somatosensory
input, and cortical representation may play a role in PLP.

CRT

The CRT posits that cortical reorganization accounts for
the neurophysiological origin of PLP (ref. 17 and Figure 1A).
According to the CRT, neurons that received input from an arm
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before its amputation subsequently respond to new inputs from
the face that invade the nearby arm-associated somatosensory
region; consequently, with facial stimulation, an amputee may
experience PLS, including pain (11, 25). Expansion and inva-
sion within the somatosensory cortex have been attributed to
a lack of sensory information reaching the cortical area that
once controlled the missing limb (26). The mammalian brain
is remarkably plastic, and investigations of both simian and
human brains have shown somatosensory cortical rearrange-
ment in response to amputation.

Early research on animals using microelectrode-mapping
techniques provided evidence for the reorganization of corti-
cal maps in the somatosensory cortex following amputation
(27). In their seminal study, Merzenich and colleagues found
that after long-term deafferentation from removal of a digit,
the neurons in the cortical map of an amputated middle finger
started to respond to stimuli applied to the adjacent digits. Sim-
ilarly, facial sensations in a corresponding area of the phantom
hand were detectable 24 hours after amputation in a person,
which is suggestive of cortical reorganization (28). In a human
functional MRI study, investigators reported that the lip area
of the somatosensory cortex contralateral to the side of ampu-
tation was located more medial and superior than the lip area
contralateral to the intact limb (29). Researchers also observed
reduced cortical reorganization after the administration of bra-
chial plexus anesthesia, with the lip area shifting away lateral-
ly from the amputation zone (29). Furthermore, under spinal
anesthesia, PLS and pain arise in patients who have never expe-
rienced PLS or PLP previously (30). Recently, we reported that
a man who suffered a brachial plexus avulsion (BPA) (an injury
to the nerves of the cervical spinal cord) noted rapid onset of
PLS and developed hand-to-face remapping, which reversed
following nerve grafting (31). These observations suggest that
cortical remapping might be explained by an unmasking of
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Figure 2. Proposed peripheral contributions to
PLS and PLP. The dorsal root fibers of the DRG
split into lateral and medial divisions (38). The
lateral division sections contain most of the
unmyelinated and small myelinated axons and
specifically carry pain and temperature informa-
tion. The medial division sections of the dorsal
root fibers (not shown) contain mostly myelinat-
ed axons that convey sensory information from
the skin, muscles, and joints, such as touch,
pressure, proprioception, and vibration (38).
When an injury occurs to the nerves, neurons

in the DRG increase their nociceptive signaling
through increases in neuronal excitability and the
creation of ectopic discharges (25). The resulting
aberrant signaling through the spinothalamic
tract may produce PLP.
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normally dormant synaptic connections or a rapid shift of cor-
tical network connections in addition to the formation of new
connections that occurs later with axonal sprouting (31, 32).
This unmasking could result from a decrease in the number of
neurons releasing GABA, the main inhibitory neurotransmitter
in the brain, after deafferentation (33). A study of cortical maps
found that GABA-mediated inhibition in the motor cortex led to
sporadic, involuntary limb movements, suggesting that mainte-
nance of normal GABA levels can suppress cortical reorganiza-
tion that might lead to PLP (33). Furthermore, GABA levels are
also known to fluctuate in the PNS.

Other research, however, argues that the integrity of the
excised limbs’ cortical map during PLS is maintained due to PLP
experiences. A recent series of experiments found no robust rela-
tionship between cortical rearrangement and PLP, arguing that
many different factors may play roles in maintaining structural,
and even functional, capabilities necessary to control phantom
limbs (34). Makin’s group proposes that both bottom-up (periph-
eral to central) and top-down (central to peripheral) pain pathways
maintain the cortical representation of the limb and facilitate PLP
(34). In this research, phantom movements and motor imagery
were used to elicit responses instead of sensory stimulation. Such
factors may explain the different findings.

The role of the somatosensory cortex in PLP is greatly
debated. Penfield extensively studied the brain with electrical
stimulation, finding no areas that produced pain, not even the
somatosensory cortex (35). However, transcranial magnet-
ic stimulation (TMS) to the sensory cortex has been shown to
reduce PLP, demonstrating that the area does play some role in
such pain (36). A recent case study reported that upper-extremi-
ty PLP relief was achieved in a person after 28 sessions of repet-
itive TMS (36). More research is needed to determine the mech-
anisms and causation of PLP and whether changes in the cortex
after amputation play a role in pain and/or sensation.
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Subcortical theories: thalamic contributions
Somatosensory and motor cortices may not be the only areas
affected by amputation. Subcortical structures, including the thal-
amus, may also be reorganized (15, 19, 37). Changes at the subcor-
tical level may originate in the cortex and cause reorganization
through strong efferent connections to the thalamus and lower
structures (37). It is also possible that reorganizational processes
begin at the thalamic level and changes are relayed up to the cor-
tex (19). In an effort to map the thalamus in amputees, research-
ers using microstimulation and microelectrode recordings found
that the representation of the residual limb in the thalamus was
enlarged compared with that of corresponding areas of individ-
uals with intact limbs and that thalamic stimulation could evoke
PLS and even PLP in amputees (38).

The thalamus has also been investigated as the sole pain-gen-
erating structure. Studies have shown that, following spinal cord
injury, hyperexcitability of thalamic neurons is independent of
synaptic drive from spinal neurons, suggesting that the thalamus
can be transformed into an autonomous pain-signal generator
(39). Patients with spinal cord injury often experience PLP and
PLS (39). In a rodent model, forelimb amputation resulted in reor-
ganization in both deafferented primary somatosensory cortex
and the ventral posterior nucleus of the thalamus, the latter of
which relayed the new input to the deafferented cortex (40). This
finding lends further credence to a thalamic contribution to corti-
cal reorganization.

REVIEW

Figure 3. PLP-targeting interventions. (A) MT

is a potential treatment option for PLP. In this
approach, devised by Ramachandran, an ampu-
tee attempts to alleviate PLP by moving his/her
intact right limb in front of a mirror to create a
visual representation of the missing limb while
simultaneously moving the phantom limb (94).
Although MT has been shown to be effective at
reducing PLP in many, but not all, amputees,

the mechanisms of pain reduction are not well
understood. MT uses visual feedback of move-
ments by the intact limb to reduce pain, which is
crucial to efficacy, as pain reduction was not seen
when the mirror was covered with a sheet (75).
(B) Similarly to MT, VR therapy relies on visual
feedback by simulating both intact and missing
limbs. Participants wear VR goggles to visualize a
representation of the missing limb.

Proprioceptive memory

Another possible mechanism underlying PLP is proprioceptive
memory. Proprioception is the brain’s awareness of the position
of the body’s limbs in 3D space. Amputees continue to have pro-
prioception of missing limbs, including both voluntary and invol-
untary movements. A voluntary movement sensation includes an
amputee’s attempt to move the phantom limb, while an involun-
tary movement sensation is the feeling of the limb being frozen
or sporadically moving on its own (32). One theory posits that the
proprioception needed to perform specific tasks may be incorpo-
rated into a “proprioceptive memory” that aids us in accomplish-
ing the tasks more quickly and efficiently in the future (41). When
an amputation occurs, memory engrams of the limb are retained
even though visual feedback confirms limb absence (Figure 1B).
Supporting this theory is a study of limb repositioning after region-
al anesthesia, with patients reporting that their limbs remained
in the last position they remembered before anesthesia (42). It
is also possible that proprioceptive memories provide a protec-
tive feature, serving as a reminder of painful situations and how
to remedy them, such as moving a joint out of hyperextension
without having to confirm with visual feedback (41). Thus, certain
positional movements with the phantom limb may trigger these
painful proprioceptive memories. Amputees have reported feeling
their phantom limbs stuck in the last positions they remembered
prior to amputation, supporting a stored proprioceptive memory
as the final feedback from the limb (43).
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Dissociation of vision and proprioception

Limb movement typically relies on both visual and proprioceptive
systems working together. For instance, vision primarily guides
hand movements toward a target. While the hand is moving, the
brain receives proprioceptive feedback regarding the location of
the limb relative to the body. The brain coordinates each piece
of information to complete the directed movement. With an
amputation, visual feedback of the now-removed limb is no lon-
ger available. However, proprioception regarding the location of
the once-intact limb still remains, either through proprioceptive
memories or activation from the residual limb nerve endings. Per-
haps the inability to visualize the amputated limb is insufficient to
override the proprioceptive information from the residual limb. An
alternative possibility is that the brain’s interpretation of conflict-
ing signals from the two systems resurrects a phantom limb. The
fact that visualization therapies have been relatively successful at
reducing PLP implies that the accuracy provided by both visual-
ization and proprioception may be critical in reducing PLP (44).

Theories involving the PNS

Unlike the well-protected CNS, the PNS is highly susceptible to
injury. Early research focused on the PNS as the sole cause and
maintenance factor of PLP. However, peripheral factors alone
cannot mediate the emergence of PLP (19); rather, the PNS may
work in conjunction with the CNS to cause and maintain the per-
sistence of PLP. There is much debate over whether “top-down”
or “bottom-up” maintenance is the cause of PLP. Bottom-up pain
mechanisms imply that peripheral nerve injury causes excessive
aberrant inputs that, in turn, influence changes (or lack thereof)
in the cortex (12, 34). Top-down pain modulation refers to painful
sensations that are maintained by the CNS and are greatly affect-
ed by emotional state, memories, and attention (45). Some regions
of the brain experience reorganizational changes after an ampu-
tation. Therefore, further research investigating the changes that
occur within the residual limb after an amputation, the effects of
peripheral changes on the CNS, and how each effect is maintained
are crucial to expanding the knowledge regarding PLP.

Neuromas and the DRG

The cell bodies for the somatic-component PNS axons are locat-
ed in the DRG. Neurons in the DRG are PNS afferents, relaying
sensory information, such as fine touch, proprioception, and
vibration, to the CNS (ref. 46 and Figure 2). The proximal ends of
DRG axons terminate in the spinal cord, the target of the somatic
component being the superficial layers of the dorsal horn (DH)
and the dorsal column nuclei of the brain stem. Following limb
amputation, DRG axons are disconnected from their distal tar-
gets and inflammation and sprouting occur in the resulting resid-
ual limb, where a neuroma can form. Far from becoming silent
and idle, the injured axons within the residual limb and remain-
ing segment of the peripheral nerves generate spontaneous activ-
ity from ectopic, hyperexcitable loci that are propagated along
the remaining pathway to the spinal cord. The electrical activity
has been described as ectopic, since it is not coming from the nor-
mal end points of the axons. Thresholds are abnormal and action
potentials seem to be generated spontaneously or in response
to stimuli that normally would not provoke an action potential,
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such as mechanical stimuli (e.g., Tinel’s sign) or circulating sub-
stances, such as adrenaline (33). In the past, activity in a neuroma
has been considered a possible source for PLP. Anesthetizing the
residual limb or neuroma by injection was reported to attenuate
or abolish PLP in some, but not all, instances (2, 18, 38, 47-50),
subsequently leading to diminished enthusiasm for a peripheral
origin hypothesis of pain (15, 29, 51). Currently, supraspinal cen-
tral mechanisms receive more attention.

Although the trauma at the site of the injury may elicit local
inflammation, the responses of injured axons depend upon the
cell body receiving messages from the periphery to alter somatic
metabolic machinery and start the repair process. The messages
that signal the nature of an injury to the cell body could be a loss of
tonic electrical or chemical messages that the amputation removed.
These might include lost molecular signals, sometimes known as
trophic factors, from end organs or supporting elements that are no
longer being sent to the nucleus by axonal transport. Alternatively,
the signals could represent the loss of electrical activity that arises
from the innervated tissues. Additionally, nerve transection may
trigger the central propagation of molecular signals arising from
the local inflammatory processes at the site of transection or from
action potentials arising from the same site, perhaps secondarily to
molecular changes in the environment of the severed axons (52).

The nature and time course of morphological changes in the
DRG cell body following axotomy have been documented by a
number of investigators (reviewed in ref. 52). Histological and
biochemical evidence show that the cellular metabolic machin-
ery is modified dramatically, which is described as a “phenotypic
change” in the neuron (53). Although some changes are related to
the growth response at the end of the residual limb, other chang-
es occur at the axonal extensions into the spinal cord dorsal root.
Modifications of the central terminals of transected axons could
induce further “phenotypic changes” in the postsynaptic neurons,
and the surrounding supporting elements and hundreds or even
thousands of gene and protein changes occur in the transected
neurons (52). Changes in the DH begin within minutes after the
pattern of sensory input changes; central sensitization also begins
within minutes (54), and the amplitude of the spinal reflex chang-
es (55). It is likely that similar alterations in neuronal responsive-
ness occur centrally within minutes of nerve transection.

DRG soma express receptors for acetylcholine (56), glutamate
(57,58), and GABA (59) in quantities sufficient to have strong neu-
romodulatory effects on sensory signaling. The receptors’ pres-
ence raises two issues. What could be the source of the substances
that activate these receptors in the DRG, and what is the impact
of their activation? Activation of the somatic GABA receptors may
gate nociceptive transmission, but even more complex neuromod-
ulatory effects are possible (59).

Amputation or nerve transection changes the distribution of
the receptors on DRG cell bodies. Those alterations may play an
important role in various forms of chronic pain, including PLP, and
lend credence to the hypothesis (53) that DRG neuronal cell bod-
ies are the source of electrical activity that drives neuropathic pain
and PLP (60). Potential determinants of DRG neuronal hyperac-
tivity include, but are not limited to, upregulation of voltage-gat-
ed sodium channels (61-63), downregulation of potassium chan-
nels (64, 65), increased expression of neurotropic factors (66),
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and sprouting of sympathetic noradrenergic axons into the DRG
(67). Over the course of the neuronal response to nerve transec-
tion, thousands of genes are either upregulated or downregulated,
suggesting a potentially large list of gene products that might alter
neuronal behavior after nerve transection (68).

If the PNS is the sole contributor to PLP, then it should be possi-
ble to induce anesthesia into the limb and eliminate the experience
of PLP. Local anesthesia directly injected into the residual limb of
amputees experiencing PLP does not lead to reduced PLP in all
instances (29). However, changes within the PNS may affect the
amount of cortical reorganization experienced. Even if a neuroma
does not form, the nerve fibers within the residual limb can under-
go spontaneous sprouting and seek new connections. Such random
connections may lead to abnormal CNS feedback, resulting in mod-
ulation of cortical reorganization and the experience of PLP (19).

There is solid evidence to support the notion that the former-
ly unappreciated PNS, and DRGs in particular, may be import-
ant drivers of PLP and PLS. While we still do not understand the
mechanisms underlying PLP, the PNS must now be considered a
viable component of any theory of PLP. Currently, there are hun-
dreds of theories in the literature, and few or none are capable of
being tested rigorously. The new approaches demonstrated by
Devor and colleagues (60) may help the development of testable
theories able to eliminate alternative explanations.

Preamputation pain

Studies have shown that persons who experienced pain prior to
amputation have higher rates of PLP (18, 69, 70). These studies,
however, find no evidence that preamputation pain plays a role in
persistent PLP, only PLP experienced immediately after surgery.
For instance, one prospective study of 58 patients undergoing an
amputation showed that 72% of those with preamputation pain
experienced PLP eight days after amputation, which decreased
to 65% at six months and 59% after two years (18). However, the
location and characterization of the pain was only similar to that
experienced before amputation in 10% of patients (18).

Role of prostheses

The correlation among cortical reorganization, the experience of
PLP, and daily prosthesis usage has also been studied, with dai-
ly prosthesis usage found to be hindered by both the amount of
cortical reorganization and the cumulative amount of PLP expe-
rienced (71). A study of a small number of amputees found those
who experienced PLP demonstrated more excitable motor cortex
areas and greater reorganization within the areas of the somato-
sensory cortex that represent the tongue and amputated limb
(71). These findings suggest that somatosensory reorganization
is correlated with PLP and that such reorganization may cause a
secondary reorganization in the motor cortex (71). Motor reorga-
nization and PLP severity were found to be negatively correlated
with prosthesis usage, implying that the more an amputee uses the
prosthesis, the less reorganization and PLP occur (71). Questions
do arise, however, such as the following. Does wearing a prosthe-
sis reduce cortical reorganization, which in turn reduces PLP? Or
are those amputees who experience less cortical reorganization
the ones who are more likely to use a prosthesis? Further, does the
act of using the residual limb to control the prosthesis affect PLP?

REVIEW

A recent study examined PLP in nine BPA patients and one
hand amputee using prostheses controlled by a brain-machine
interface (BMI) (72). This study found that altering the plastici-
ty of the cortical representation of the phantom hand drastically
altered the associated PLP. However, in direct opposition to the
ideas postulated by the CRT, increasing the phantom representa-
tion increased PLP, whereas increasing the representation of the
intact hand reduced PLP, suggesting that BMI training aimed at
dissociating the phantom hand from the prosthesis could be a clin-
ically advantageous treatment for PLP (72). Many of the questions
mentioned above also apply to the relationship between treating
PLP using either mirror therapy (MT) or virtual reality (VR) and
prosthesis usage. Preifiler and colleagues recently investigated
plasticity in the ventral visual streams in relationship to prosthesis
usage, postulating that the observed plasticity is related to func-
tional prosthesis use that provides increased visual feedback to the
user, which is necessary for controlling the device (73). The study
initially did not find a simple correlation between PLP experienc-
es and prosthesis usage. However, a subanalysis revealed that the
group experiencing high PLP rates (severity indicated on a visual
analog scale) spent less time using prostheses. Amputees experi-
encing high amounts of PLP and with high prosthesis usage had
smaller posterior parietal cortices than patients who did not use
prostheses (73). Variability in the posterior parietal cortex volumes
indicates that prosthesis use may drive adaptations that lead to
changes within the visual stream (73). Without a somatosensory
component associated with prosthesis usage, visualization is cru-
cial and may enable changes in PLP experiences similar to MT.

A 2007 study examining the roles of vision and kinesthetic
information in proprioception found that vision is more influential
in regard to spatial location of a limb (74). During this study, partic-
ipants experienced tendon vibration to cause the feeling of flexion
movements of a limb that was immobilized. When the participants’
eyes were closed, they reported feelings of slow movement due to
the vibrations. In contrast, if the participants viewed their static
vibrating limbs, the perception of movement was drastically hin-
dered, with functional imaging revealing activity in the posterior
parietal cortex correlated to the attenuation of movement (74).
These findings imply that the posterior parietal cortex plays a role
in overcoming kinesthetic proprioceptive information when visual
information is provided. Thus, from the experimental evidence, it
seems reasonable to conclude that MT, VR, and prosthesis usage
all may play a role in diminishing PLP by enabling the amputee
to visualize a limb moving in a natural manner. However, each of
these methods involves the activation of the residual limb muscles,
the role of which in the reduction of PLP remains to be determined.

Treatments for PLP

The most commonly administered pharmacological treatments
for PLP are gabapentin and pregabalin, antiseizure medications
that reduce the frequency and intensity of neuropathic pain (75).
Opioids and opiates have long been used to treat neuropathic pain
as well, and some research suggests that they are effective at ame-
liorating the symptoms of PLP (76, 77). Opioids may relieve PLP
by reducing cortical reorganization in the somatosensory cortex
(78). Despite their effectiveness, opiates are frequently associat-
ed with adverse side effects, such as sedation, dizziness, nausea,
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vomiting, and constipation, coupled with high rates of addiction
and dependence (79). Memantine is an NMDA glutamate receptor
agonist that has been implicated in the development of neuropath-
ic pain, including the development of PLP (80). Compared with a
placebo, memantine reduced acute and subacute PLP after trau-
matic amputation in a randomized, double-blind, controlled trial
and several case studies (81, 82). This medication, however, has
not been shown to effectively treat chronic PLP (83, 84).

Therapeutic efforts to target the DRG have shown promise in
temporarily eliminating PLP by reducing hyperexcitability of neu-
rons, thereby prohibiting pain signals from firing (85, 86). Injection
of lidocaine, a sodium channel blocker, into the DRG transiently
relieved PLP and PLS (60). When delivered continuously via an
indwelling catheter, relief of PLP and PLS could be extended for the
duration of the lidocaine administration, up to 12 days in the above
study, demonstrating the importance of long-term repeated block-
ing in the PNS as a valuable clinical tool for alleviating PLP. Although
these studies were small and require further investigation, they show
promise in discovering therapies that can aid in PLP relief.

MT (Figure 3A) is noninvasive and perhaps one of the least
expensive and most effective modalities used for the treatment
of PLP. Chan and colleagues conducted the first randomized
sham-controlled MT study showing that MT was effective in reduc-
ing PLP in 93% of participants (87). Additional findings showed
that amputees who practiced MT reported a larger reduction in PLP
than those amputees who only mentally visualized and attempt-
ed to move their absent limbs (87), and the time to pain relief was
dependent upon the starting pain level (88). A study on bilateral
lower-limb amputees found reduced PLP in both phantom legs
when participants viewed another person’s limbs moving in the
same way as their phantom legs (44). Such findings further support
the role of visual feedback in modulating pain responses. A study
by Foell and colleagues suggests that MT causes the somatosensory
cortex of amputees to return to the baseline configuration existing
before amputation (89). Further, MT has been shown to reduce PLP
after BPA (where the limb is deafferented but intact), supporting
the hypothesis that both the PNS and CNS interact to facilitate the
reduction of PLP (31). Thus, MT may aid in the reestablishment of
somatosensory cortex organization that existed before the ampu-
tation (or disconnection, in the case of BPA) (31). More work is
needed, however, to elucidate the clinical efficacy of MT and the
mechanisms by which this therapy alleviates PLP and lead to an
understanding of why some people do not benefit from MT.

The Journal of Clinical Investigation

VR (Figure 3B) holds the potential to create a more “sophis-
ticated” immersive form of MT (90). The use of advanced tech-
nology to create virtual images of amputees’ missing limb(s) has
demonstrated encouraging results for alleviating PLP. One study
used a VR therapy with eight participants viewing a virtual image
of a limb enacting various movements and replicating the move-
ments with their phantom limbs, which resulted in an average
38% decrease in PLP (91). Seven of eight participants saw pain
reduction during the intervention, with five of eight reporting
more than a 30% decrease. In an effort to utilize intrinsic brain
neuroplasticity, a more recent study reported pain relief in upper-
limb amputees participating in biweekly augmented reality and
VR (92). These results indicate that VR therapy should be further
examined and compared with traditional MT.

Conclusion

Although PLP has plagued amputees for millennia, the condition
still perplexes researchers today, with no universally efficacious
treatment available. Further research investigating the etiology of
both PLS and PLP, especially targeting PNS roles, and developing
novel treatments are absolutely necessary. Investigation of the
role of vision in PLP experiences is an important avenue to follow.
Vision seems to play a critical role in reducing PLP in MT and VR
therapies and in prosthesis usage that lacks somatosensory input.
To date, there have been no studies conducted on visually impaired
amputees to determine the presence or lack of PLP. In conjunction
with vision, the other component that seems to be necessary in the
most effective treatments is muscle activation of the residual limb.
Activating the remaining muscles to complete natural movements
may assist in diminishing cortical reorganization and/or connect-
ing vision to proprioceptive sensations of movement. The effica-
cies of therapies that target both vision and muscle activity seem to
underscore the general characterization of PLP as a complex neu-
ropathic syndrome with PNS and CNS components.
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